Abstract. We present a theoretical model of the "isostructural" γ-α phase transition in Ce which is based on quadrupolar interactions due to coupled charge density fluctuations of 4f electrons and of conduction electrons. The latter are treated in tight-binding approximation. The γ-α transition is described as an orientational ordering of quadrupolar electronic densities in a Pa3 structure. The quadrupolar order of the conduction electron densities is complementary to the quadrupolar order of 4f electron densities. The inclusion of conduction electrons leads to an increase of the lattice contraction at the γ-α transition in comparison to the sole effect of 4f electrons. We calculate the Bragg scattering law and suggest synchrotron radiation experiments in order to check the Pa3 structure. 
Introduction
The understanding of the nature of the α phase and the apparently isostructural transition between the cubic γ-and α-phases in cerium is a long-standing problem [1, 2] . Numerous experimental data present an outstanding challenge for the explanation by theoretical models [3] [4] [5] [6] [7] [8] [9] [10] [11] . The most important question to be answered by theory is to find the driving force of the "isostructural" γ-α transition and to explain also the existence of the other non-cubic phases of Ce.
The theory should also describe the change of magnetic properties of Ce at the γ-α transition [1, 12] which are reminiscent of an insulator-metal transition of 4f electrons [3] . Recently the Mott transition has been reconsidered by several authors using electronic band structure calculations with thermodynamic extensions [4-6] (see for a review Ref. [7] ). There, the α phase is described as a regular band state formed by 6s, 5d and 4f electronic states while in γ-Ce different degrees of localization of 4f states are suggested and investigated. Two face centered cubic (fcc) phases of cerium are attributed to two local minima of free energy which develop for the same crystal structure (Fm3m).
Assuming the localized nature of the 4f electrons throughout the γ-α phase transition, one can understand the magnetic properties on the basis of two principles. These are the singlet ground state of one 4f electron by the absence of spatial orientational order of the quadrupolar densities, the space group is Fm3m. In the α-phase the quadrupolar densities order in a Pa3 structure. Notice that this change from Fm3m to Pa3 conserves the fcc structure of the atomic center of mass points and is solely due to orientational order of the quadrupoles. This phase transition is accompanied by a contraction of the fcc lattice, however the theoretical estimation of these effects in [21] (in the following we will denote this reference by I), is about an order of magnitude smaller than the experimental result [1] . In addition the treatment of I does not indicate the existence of a critical end point of the phase separation line (γ−α) in the P −T (pressure-temperature) phase diagram.
In the present paper, we will extend the theoretical model of I by taking into account the polarization of (6s5d) 3 conduction band electrons. The polarization can be considered as a screening process of the quadrupolar density orientations of the 4f electrons and results in turn in a complementary ordered Pa3 structure build up from conduction electron quadrupolar densities. The conduction electrons will be described within the formalism of tight binding approximation.
The paper comprises the following sections. We start (Sect. 2) with reconsidering 4f electrons and extending the treatment of I by taking into account the radial dependence of the 4f electron density. Next in Section 3 we describe the conduction electrons in second quantization with basis functions in tight-binding approximation. We derive the multipolar interactions among conduction electrons as well as interactions with 4f electrons. In considering conduction electrons we have to distinguish between on-site and inter-site interactions. Section 4 is devoted to a study of the crystal field which acts on the individual 4f electron. It is found that the refinement by the radial density dependence of 4f electrons does not improve but rather spoils the agreement between experiment and theory. On the other hand the inclusion of conduction electrons improves in turn the situation. In Section 5 we study the quadrupolar ordering of the coupled system of 4f electrons and conduction electrons. We conclude that a state of lower free energy (in comparison with the disordered state) can be achieved by a complementary ordering of 4f electron and conduction electron quadrupolar densities. On a same atomic lattice site, high charge density regions of the 4f electron correspond to low charge density of the conduction electrons and vice versa. Finally we present numerical estimates that the inclusion of the conduction electron quadrupolar order improves the magnitude of the lattice contraction at the Fm3m → Pa3 transition. In order to propose an unambiguous experimental proof of the present theoretical model, we calculate the Bragg scattering law (Sect. 6) and suggest synchrotron radiation experiments for the Pa3 structure. In Section 7 (Discussion and conclusions) we recall the salient features of the present theory and situate it with respect to the conventional approaches that are based on the Kondo theory concepts. While we do not adopt the Kondo volume collapse models, we discuss the relevance of the FriedelAnderson hybridization mechanism for the explanation of the magnetic anomalies in Ce and suggest a link with our theory of the electronic charge degrees of freedom driven structural phase transition.
Radial dependence of 4f electrons
In our previous paper [21] the quadrupolar coupling between 4f electrons has been calculated by assuming that the electron on each lattice site n is localized on a sphere with a fixed radius r f = 1.378 a.u. Here we want to extend the previous calculation by taking into account the radial dependence of the 4f electron wave functions. Such an extension is necessary if we want to study the interaction with the conduction electrons (see next sections). Furthermore it is useful in assessing the validity of our previous calculations.
We consider a face centered cubic crystal of N Ce atoms. Each atomic core possesses one 4f electron. In the γ-phase the 4f electron densities are orientationally disordered. The space group of the crystal is Fm3m. The Coulomb interaction between two 4f electrons (charge |e| = 1) at positions R(n) and R (n ) near the lattice sites n and n reads
The position vector R(n) is given by
Here X(n) is the lattice vector which specifies the centers of the atoms on a rigid fcc lattice, while r(n) is the radius vector of the 4f electron; in spherical coordinates r(n) = (r(n), Ω(n)), where Ω = (Θ, φ). We perform a multipole expansion of V by using site symmetry adapted functions (SAF's) [25] which transform as irreducible representations of the cubic site point group O h : V (R(n), R (n )) = ΛΛ v ΛΛ (n, n ; r, r ) S Λ (n) S Λ (n ), (2.3a)
where v ΛΛ (n, n ; r, r ) = dΩ(n) dΩ(n )
The SAF's S Λ (n),n ≡ Ω(n) are linear combinations of spherical harmonics Y m l [25] . The index Λ stands for (l, τ ), with τ = (Γ, µ, k). Here l accounts for the angular dependence of the multipolar expansion, Γ denotes an irreducible representation (in the present case of the group O h ), µ labels the representations that occur more than once and k denotes the rows of a given representation. Expansion (2.3b) still depends on the instantaneous radii r(n) and r (n ). In reference I we have written the Coulomb interaction in the space of orientational state
